The temperature-sensitive mutation prp20-1 of Saccharomyces cerevisiae exhibits a pleiotropic phenotype associated with a general failure to maintain a proper organization of the nucleus. Its mammalian homolog, RCC1, is not only reported to be involved in the negative control of chromosome condensation but is also believed to assist in the coupling of DNA replication to the entry into mitosis. Recent studies on Xenopus RCC1 have strongly suggested a further role for this protein in the formation or maintenance of the DNA replication machinery. To elucidate the nature of the various components required for this PRP20 control pathway in S.
During proliferation, that is, the increase in cell number, the nucleus of all eukaryotic cells progresses through a series of very dramatic structural rearrangements which culminate in the separation of the condensed chromosomes and nuclear reformation. The complex nature of these events predicts that the machinery of the cell duplication process be spatially, as well as temporally, ordered and thus highly regulated. The elaborate system of positive and negative controller proteins that govern the cell's entry into the proliferation stages, such as DNA synthesis (S) and mitosis (M), is rapidly being delineated (16, 17, 22, 39) . The details of how the activities of these regulators affect the spatial arrangements of the nuclear components during the cell cycle, though, still remains unclear. Information obtained from the examination of a ubiquitous nuclear protein, RCClp, is now revealing specific linkages between the cell cycle regulatory functions and the rearrangements of nuclear components seen during the cell cycle.
RCClp is reported not only to have attributes of a cell cycle regulatory protein but also to show direct involvement in the placement of the chromosomes in the nucleus during the interphase of the cell cycle (38, 55) . At restrictive temperatures, during most stages of the cell cycle, mammalian cell lines which contain a temperature-sensitive (ts) mutation in RCC1 will enter mitosis even though DNA synthesis has not been completed (38) . It has thus been proposed that RCClp may be a part of the cell cycle checkpoint which monitors DNA replication (17) . A single point mutation in the coding region of RCC1 will generate anomalous chromosome structures that have been reported as prematurely condensed chromosomes (55) . RCClp is thus thought to negatively regulate chromosome condensation by holding the chromosomes in their interphase position until the cell is ready to enter mitosis and only then allow the chromosomes to condense. The important role RCCIp plays in the maintenance of chromosome conformation and/or nuclear placement has been further demonstrated for Xenopus RCClp. During in vitro nuclear assembly assays, DNA replication requires the presence of RCClp (14) . RCClp was thought to affect DNA replication not by direct enzymatic involvement in the synthesis process, but by playing an essential role in the initial establishment of the DNA replication complex on the chromosome.
The multiple nuclear events overseen by RCClp and homologs from various organisms appear to be regulated by an association with another protein or proteins, many of which show GTP-binding characteristics (4, 18, 31, 35) . RCClp has been purified from human HeLa cells in a stoichiometric association with a protein of 25 kDa termed RAN (6, 40) . Partial protein sequence analysis of RAN shows that it contains sequence similarities to the ras superfamily GTP-binding consensus and, more specifically, significant homology to a human gene called TC4 (4, 6, 15) . Consistent with the protein sequence predictions, RAN protein was shown to bind GTP in vitro, and the RCC1 protein could specifically catalyze the exchange of GTP on RAN (5) . Furthermore, in the fission yeast Schizosaccharomycespombe, the homolog to RCC1 has been identified and termed PIMI (35) . At restrictive temperature, chromosomes of a piml ts mutant will undergo condensation and enter mitosis while in the presence of hydroxyurea, an agent which should normally arrest the cells in the S phase by inhibiting DNA synthesis. Along with the PIM1 wild-type allele, a gene termed SPI1 was also isolated as a multicopy GSP1 AND GSP2: NEW S. CEREV7SL4E GTP-BINDING PROTEINS suppressor of the piml mutant. Analysis of the amino acid sequence for this gene predicts a polypeptide highly homologous to RAN/TC4 and, therefore, categorizes SPIl as a small GTP-binding protein. (1, 18) . We report here that by high-copy-number gene suppression techniques against theprp20-1 ts allele, two proteins which interact with prp2Op have been genetically identified, GSPlp and GSP2p. The two proteins have greater than 95% identity to each other, and they present strong homology to the ras superfamily, especially to the human TC4 (15) and SPIl of S. pombe (35) . We further characterized the GSP1 gene product. GSP1 is a nuclear protein that binds GTP in vitro and in vivo. As a demonstration of the direct involvement of a PRP20-GSP1 (2) complex in nuclear structure maintenance, the overexpression of GSPI or GSP2 is shown to prevent the disruption of the nucleoplasm caused by theprp20-1 ts allele.
MATERIALS AND METHODS
Strains, media, and growth conditions. Yeast strains used in this work are described in Table 1 . Eschenchia coli DH10B (Bethesda Research Laboratories, Inc.) was routinely used as a plasmid host, and E. coli CJ236 was used in a site-directed mutagenesis experiment (28) . Bacterial and yeast media were prepared as described previously (43, 46) except for SC-uracil, in which hydrolysate of casein (Casamino Acids; Difco) was added to 0.25% as a source of amino acids. YPG medium contained, in addition to glycerol at 3% (vol/vol), ethanol at 2% (vol/vol). Preparation of media containing 5-fluoro-orotic acid has been described elsewhere (50) . The permissive and restrictive temperatures for growth of yeast ts mutants were 24 and 34°C, respectively. Yeast transformations were performed by the lithium acetate method (24) except for the initial screen for suppressors, in which DNA was introduced into prp202C by electroporation (2).
Whenever various plasmids carrying different yeast genomic fragments were tested for their ability to comple- (28) of GSPI was done with pRS316 as a single-stranded DNA substrate (the sense strand) containing the entire BglII-SstI fragment (see Fig. 2A ). The mutagenic oligonucleotide for the Gly-21 to Val change was 5'-CCAGTACCAACATCACCGA-3' (the underlined A would have to be a C to be complementary to the wild-type sequence). To confirm the presence of the predicted mutation and the absence of any spurious mutations, we determined the sequence of the entire coding region.
The sequencing of both DNA strands was performed with the Sequenase kit (U.S. Biochemical, Cleveland, Ohio) with a-35S-dATP (Amersham Canada Limited, Oakville, Ontario). DNA oligonucleotide primers (either universal, reverse from Bluescript, or internal to the sequenced region) were used in the sequencing.
The chromosomal localization of GSPI and GSP2 was determined with chromosomal blots of S. cerevisiae from Clontech (Palo Alto, Calif.) under conditions specified by the manufacturer. Specific DNA probes were labelled with the Oligolabelling Kit (Pharmacia LKB Biotechnology, Piscataway, N.J.) and [a-32P]dCTP (Amersham Canada Limited).
The GSPJ probe was derived from a 3.0-kb fragment containing the entire reading frame, including -600 bp upstream of the initiation codon down to the SstI restriction site (see Fig. 2A , upper diagram). The probe for GSP2 was a 1.8-kb BglII-EcoRV restriction fragment (see Fig. 2A , lower diagram). Under the hybridization conditions used for these chromosome blots, no cross-hybridization was seen between these two genes. The same comment can be made for the detection of the RNA transcripts as judged by Northern (RNA) blot analysis of the null strains (data not shown).
RNA analysis. Total RNA was extracted from exponentially growing cells in either YPD or YPG at 30°C by the glass bead method (43 (26) .
Autoradiograms were scanned with an LKB Ultrascan XL Laser Densitometer.
Generation of GSPlp antibody. A 697-bp PvuII-AccI fragment of the GSPJ locus containing the coding region included 50 bp downstream of the stop codon. The fragment was blunt ended by filling in the overhang with Klenow polymerase and ligated into the vector pGEX-3X (Pharmacia LKB Biotechnology) which had been previously EcoRI cleaved and blunt ended with Klenow polymerase. The resulting plasmid directed the production of a hybrid protein of approximately 50 kDa composed of a 27-kDa portion of the glutathione S-transferase fused to the GSPlp (23 kDa). This fusion process resulted in the loss of the first five amino acids of GSPlp. Overproduction of the GST-GSP1 fusion in E. coli led to the formation of inclusion bodies (37) . The hybrid protein from the inclusion bodies was purified by preparative SDS-polyacrylamide gel electrophoresis (PAGE) (29) and used for the immunization of rabbits by standard methods as described in reference 13.
Immunological techniques. Protein samples were separated on SDS-12% polyacrylamide gels. The proteins were electrotransferred onto a nitrocellulose filter (Schleicher & Schuell) with the semi-dry transfer cell (Bio-Rad) according to the manufacturer's specifications. The complete methods used to react the proteins on the filters with the antiserum are those described in reference 13. After the initial blocking step, the nitrocellulose filter was incubated overnight at room temperature with a 1/1,000 dilution of the preimmune serum or the GST-GSP1 antiserum in TPBS. The filters were then processed with the Vectastain ABC kit (Vector Laboratory, Burlingame, Calif.).
Labelling and immunoprecipitations of yeast proteins were conducted as follows. EJ101 yeast cells were grown to saturation in minimal medium containing 1 mM (NH4)2SO4 and 5% glucose supplemented with the appropriate amino acids. Cells were washed and resuspended to an optical density of 600 nm of 0.02 in the same medium except for the (NH4)2SO4, which was at 100 ,uM. At the mid-log phase, the cells were resuspended in a small volume of fresh medium without (NH4)2SO4 at an optical density of 2 at 600 nm (cells per milliliter). Labelling as such took place at room temperature for 3 h in presence of 250 ,uCi of [35S]H2SO4 -43 Ci/mg of S; ICN). After the cells were washed twice with lx phosphate-buffered saline (PBS), lysates were prepared in RIPA (radioimmunoprecipitation) buffer (46) by the glass bead method (21) . Total lysate (100 jxg) was immunoprecipitated with 5 ,ul of anti-GSP1 antibody, and the results were analyzed by SDS-12% PAGE and autoradiography.
The immunofluorescence techniques for the prefixed cells and nucleolar-specific staining procedures followed were described previously (12, 13) .
[a-32P]GTP probing of the nitrocellulose filter for GTPHigh-copy plasmid Low-copy plasmid
Growth at 34°C of prp20-1 cells containing various plasmids. prp2o/2C cells were transformed to Ura+ at 24°C with URA3-based plasmids carrying different inserts and then streaked on the same minimal plates but incubated at 34°C. The vector used was either YEp352 (high-copy-number plasmid) or pRS316 (low-copynumber plasmid). Sectors contain cells with the following plasmids: A, PRP20; B, GSPI; C, GSP2; D, vector alone.
binding proteins. The GTP-binding proteins in yeast cell extract were detected based on various protocols (30, 36, 45) . After separation of the proteins by SDS-12% PAGE, they were transferred immediately onto a nitrocellulose filter (Schleicher & Schuell) without any treatment of the gel. To detect GTP-binding proteins, we incubated the blot for 1 h in blocking solution containing 1% gelatin, 0.1% Tween 20, and 1 x PBS at room temperature (48 (45) . After binding, the blot was rinsed several times with the binding buffer for 1 to 2 h and then exposed to Kodak X-(OMAT)AR film with an intensifying screen at -80°C.
RESULTS
Isolation and nucleotide sequence analysis of the GSPI and GSP2 genes. To identify gene products which directly interact with the PRP20 protein, genes were isolated that could suppress the ts lethal phenotype of the prp20-1 mutant by increasing their cellular copy number. A yeast 2,u YEp24-based genomic library (10) was transformed into the prp2O/2C strain by electroporation and selected first for uracil independence at the permissive temperature. After 5 days at 24°C, about 20,000 colonies were replica plated and transferred to 34°C. Fourteen thermoresistant transformants were identified, and their counterparts, which were always maintained at the permissive temperature to avoid genomic rearrangements, were picked for analysis.
Restriction endonuclease mapping of the rescued plasmids revealed that the wild-type PRP20 allele was obtained twice and that two new complementation groups, termed GSPJ and GSP2 (for GTP-binding suppressor of PRP20), were picked up nine and three times, respectively. As shown in Fig. 1 Fig. 2B , the GSPI gene is predicted to encode a polypeptide with 219 amino acids, and GSP2 encodes 220 residues. The two proteins are strikingly similar, sharing over 97% identical amino acid residues and being 82% identical within the coding region at the nucleotide level. Their overall homology to the ras superfamily resides in five discrete, highly conserved domains believed to be involved in guanine nucleotide metabolism (8) . GSP1 and GSP2 both lack the C-terminal domain that is often present in various ras family members and that is believed to be responsible for membrane anchoring. Hybridization of these two genes to a yeast chromosome blot (see Materials and Methods) revealed that GSP1 is on chromosome VII and GSP2 is on chromosome XV. No cross-hybridization between these two genes was seen under the hybridization conditions used throughout this study. The GSP2 gene was found to be adjacent to the locus SERI ( Fig. 2A, (Fig.  2A) . The inactivated copy of each gene was introduced separately in the autodiploid strain HAB251 to perform a one-step gene replacement (44 
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We next investigated the possibility that overexpression of GSP2p could support the growth of the gspl-disrupted strain. The strategy used here was to replace, by plasmid shuffling, a URA3 GSPI plasmid with a LEU2 GSP2 plasmid in the gspl null strain and then monitor viability. The HAB251AGSP1 diploid transformed with a URA3-based centromeric plasmid (pRS316; see reference 51) bearing GSPI was induced to sporulate, and tetrads were dissected.
Haploid strains were obtained that displayed a His' Ura+ phenotype, therefore (i) having their GSPI chromosomal copy inactivated and (ii) exhibiting sensitivity to 5-fluoroorotic acid; this compound is able to counterselect cells displaying a Ura-phenotype, through URA3-based plasmid loss (7) . One of these disrupted strains, PUB175, was used for the plasmid shuffling experiments. GSP2 carried on a LEU2-based 2,i vector (YEp351) was introduced in the A e-11t- mRNA strain PUB175, and sensitivity to 5-fluoro-orotic acid was assayed. Subsequent growth of this strain on such a medium would indicate that an overexpression of GSP2p can support viability of a cell totally devoid of GSP1 gene product; Fig.  3 shows this to be the case. Surprisingly, considering their respective efficiencies in suppressing the prp20-1 ts phenotype, growth of the GSPJ-disrupted strain, whether supported by overexpressed GSPlp or GSP2p in an episomal manner (Fig. 3, sectors A and B) , is very comparable. Different levels of expression for GSP1 and GSP2 mRNAs. One possible explanation for the weak suppression of the p7p20-1 ts mutation by GSP2 in comparison with that seen with GSP1 could be that the steady-state levels of GSP1 mRNA are higher than those of GSP2 mRNA. Northern blot analysis on RNA preparations from exponentially growing cells of SS328, the prp20/2C parental strain, and SEY6210, the haploid strain used to generate the autodiploid HAB251, were probed for GSP1 and GSP2 mRNAs. When these cells are grown on glucose, there is significantly more GSP1 mRNA than GSP2 mRNA (Fig. 4A , compare lanes 1 and 3 and 5 and 7). Using the transcript for the L29 ribosomal protein as a control for mRNA expression rates, densitometric scanning of the autoradiograms showed that there was almost 10-fold more RNA for GSP1 than for GSP2 (Fig. 4B ). Both RNAs run at a position corresponding to 0.9 kb in size. Expression of either of the suppressors' transcripts did not display any cell cycle regulation as judged from Northern blot analysis of RNA preparations from cells released after a-factor block (data not shown). Since RASI expression exhibits carbon dependency, its mRNA levels being downregulated in yeast cells grown on nonfermentable carbon sources (9) , such a possibility was explored for GSP mRNA levels. If one plots the amount of GSP1 mRNA in comparison to the amount of L29 ribosomal protein mRNA, which decreases in cells grown in YPG versus YPD, likely reflecting the slower rate of growth of the cells in the different media (Fig. 4A, lower (Fig. 5A) . These antibodies were used to examine whether the GSP1 protein could bind GTP in an in vitro t_-32P-labelled GTP filter binding assay. The autoradiograph of an SDS-PAGE of immunoprecipitations of 35S-labelled total yeast cell extract with the preimmune serum and antiserum to GSPlp (lanes 1 and 2, respectively) is presented in Fig. SB . A distinct 23-kDa band was seen in the antiserum lane, while no bands were precipitated with the preimmune serum that were not also present in the control containing only protein A-Sepharose and the cell extract (data not shown). The other protein bands that coprecipitate with GSP1 (43, 40, 39, 32, 28 , and 17 kDa) coincide with the size range of bands that are seen to coprecipitate with an antibody to the PRP20 protein (18, 31) . The (Fig. 5B, *) protein is likely PRP20p, and the 23-kDa protein is GSPlp. Figure 5C is the SDS-PAGE of a duplicate set of immune precipitations except that unlabelled yeast extract was used. The proteins from the gel were electrotransferred to a nitrocellulose filter that was subsequently incubated in the presence of a-32P-labelled GTP. Only in the immune serum (Fig. SC, lane 2) (Fig. 5A and B, lane 2) . This (31) . The eluted fractions from this prp2Op mutant double-stranded DNA column contained no GTP-binding protein (data not shown).
gspl-val2l allele exhibits a dominant lethal phenotype. GSP1, GSP2, SPII, and TC4 are classified as members of the ras superfamily based on protein sequence homology. Although a mammalian protein termed RAN, which is very similar to TC4, has been shown to bind GTP in vitro (5) , there are no in vivo data describing the phenotype of an altered allele defective in GTP metabolism. We therefore mutated the first highly conserved domain shared between the ras members, changing the Gly-21 for a Val residue in GSPlp (Fig. 2B) . This equivalent substitution in the mammalian ras and in yeast RAS2 proteins has been found to dramatically decrease their intrinsic GTPase activity (25, 36, 53) . This gspl-val2l allele, whether it was cloned on a centromeric (pRS316) or 2,u (YEp352) plasmid and transformed in strain prp20/2C (at the permissive temperature) or its parental strain SS328 reproducibly gave at least 1,000-fold fewer colonies than the wild-type version of GSPI or the vector alone (typical results are shown in Fig. 6 , which shows strain SS328 transformed with similar amounts of 2,u plasmids). If the GTP-bound form of GSPlp is stabilized, this could lead to a dominant lethal effect caused by the improper regulation of this essential process. Similar observations of decreased numbers of viable transformants have been demonstrated with an equivalent mutation introduced in the CDC42Sc gene product, which is involved in cell polarity and is also a member of the ras superfamily (58) . These results strongly suggest that the activity of the GSP1 protein requires proper guanine nucleotide metabolism.
GSPlp is predominantly localized in the nucleus. The PRP20 protein has previously been located in the nucleus by immunofluorescence (18) . If, as assumed by the suppressor screen, PRP20p and GSPlp physically interact, one would predict that GSPlp would also have a nuclear location. Wild-type cells were harvested in the early log phase of growth and prepared for the immunofluorescent mapping of GSPlp (13) . Although there is a diffuse staining of the cytoplasm observed in some cells, Fig. 7A shows that the majority of the GSP1 protein resides in the yeast nucleus. (Arrowheads in panels A' and B' indicate the convex appearance of the nucleus under Nomarski differential interference contrast. This convex structure readily stains with DNA intercalating fluorescent dyes [13] .) No specific staining was seen with the preimmune serum (Fig. 7B) . Overproduction of GSPlp or GSP2p prevents nucleolar disruption of the prp20-1 mutant. One of the phenotypic characteristics of the prp20-1 mutant allele is a disruption of the proper organization of the nucleoplasm (1). This nucleoplasmic disruption was visualized by using the distinctive shape of the fungal nucleolus, a single crescent in profile, as a marker for the integrity of the nucleoplasm (Fig. 8D , arrowheads indicate the crescent profile of the yeast nucleolus). In the prp20-1 strain, the nucleolus becomes fragmented when placed at the nonpermissive temperature for times as short as 15 min (1). (Fig. 8A shows the prp2O/2C strain after 1 h at 34°C. The arrows indicate fragments of nucleolus.) We thus used a nucleolar-specific silver staining procedure (12) on the GSP1 and GSP2 suppressor strains to demonstrate that the overabundance of either of the two gene products in the prp2O/2C strain not only rescues the cells from the prp20-1 ts lethality, but also prevents the fragmentation of the nucleolus (Fig. 8B and C, respectively [arrowheads indicate the intact nucleoli]).
DISCUSSION
The PRP20 function is associated with an essential control step in the proper maintenance of nuclear organization. To elucidate the nature of the molecular mechanisms by which PRP20 influences the nuclear structure of yeast cells, we isolated two genes of S. cerevisiae that encode nuclear GTP-binding proteins which are intimately involved in the activity of PRP20.
Whereas GSPI is an essential gene, we found no specific phenotype for a gsp2 disruption. This result appears inconsistent with the protein sequence prediction since these two genes encode almost identical proteins. An analogous situation has been reported for the S. cerevisiae RHOJ and RHO2 ras-like genes (33) . It is possible that, although overexpressed GSP2p can complement a disruption of GSP1, GSP2p has an additional function that we have not assayed. The slight changes in the sequences of these two proteins could be indicative of different cellular activities. Differences between GSPlp and GSP2p primary structures consist of two conservative amino acid changes, Gly-8 for Ala-9 and Glu-204 for Asp-205, and two nonconservative replacements, Ala-6 for Gln-6 and Gln-197 for His-198, including a gap (positions 7 to 8) introduced in the GSPlp sequence to allow comparison. It is interesting that there are similar minor differences seen between the two mammalian proteins RAN (25, 36, 53) . This mutated version of GSP1 exhibits a dominant lethal phenotype independent of the genomic background of the recipient cells and of the copy number of the vector. Monitoring the cascade of events that take place as the cell dies from a conditional expression of gspl-val2l should provide interesting clues on the activities of the PRP20-GSP1 complex.
In addition to the expected labelling of the 23- (31) .
To further support a direct interaction between the two proteins, PRP20p was found to coimmunoprecipitate with an antibody raised against GSPlp. As well, it has been shown that a double-stranded DNA-binding complex containing both PRP20p and GSPlp elutes from a fast protein liquid chromatography sizing column at an estimated molecular mass greater than 150 kDa (31) . To our knowledge, these are the first data which demonstrate direct physical interactions between these two proteins in yeast cells. Although there is evidence that guanine nucleotide exchange on RANp is catalyzed by the mammalian RCClp (5) , other recent studies have failed to find any direct interactions between RCC1 and RAN in Xenopus egg extracts with an antibody to Xenopus RCClp (14) . Still, by sequence homology with TC4IRAN and since overexpression of mammalian RCC1 can rescue the lethality of aprp20-1 mutant, it is reasonable to believe that the PRP20p can also catalyze GDP/GTP exchange on GSPlp and therefore acts as a GSPJ-GSP2 guanine nucleotidereleasing factor.
It is not yet clear how the multicomponent PRP20-GSP1 complex generates its control over the arrangement of the nucleoplasm; still, it is obvious that the GTP hydrolysis plays an essential role in maintaining a functional conformation of this cellular compartment. More detailed aspects of the activities of the PRP20-GSP1 complex and their cell cycle regulation are likely to be found in the studies of the other protein components that coimmunoprecipitate with PRP20p-GSPlp (18 and this study). Also, by continuing with the analogy of GSP1 with the other ras-like proteins, there should be a nucleotide diphosphate kinase, to catalyze the transphosphorylation of GDP to GTP (32) . It has been shown that a nucleotide diphosphate kinase directly transphospho- rylates GDP bound to tubulin, which leads to microtubule polymerization (42) . Also, genetic interactions have been demonstrated between the prune locus of Drosophila melanogaster encoding a protein with homology to GAP and awd, a fly nucleotide diphosphate kinase (52) . Using S. cerevisiae as a model and the genes we described, it should be possible to identify and study, by biochemical and genetic means, the components for one of the regulatory systems used in the maintenance of a proper nuclear organization and enable us to better understand the complex and essential interactions between the structure of the nucleoplasm and nuclear activities.
